ABSTRACT. On 2005 January 14, the Saturn system was observed at true opposition with the planetary camera of the Wide Field Planetary Camera 2 (WFPC2) on the Hubble Space Telescope. This was the culmination of nearly a decade of similar UBVRI observations, yielding a uniform set of over 400 high spatial resolution and photometrically accurate radial profiles of the rings that spans the full range of ring inclinations and solar phase angles accessible from the Earth. Using a subset of these images at similar effective ring opening angles , we measured the normalized ring reflectivity over broad regions of the A, B, and C rings as a B ∼ Ϫ23Њ
INTRODUCTION
On 2005 January 14, in a rare cosmic alignment, the Earth passed directly between Saturn and the Sun. Viewed from Saturn, this resulted in a transit of the Earth across the center of the solar disk. From the Earth, this moment provided an opportunity to observe the Saturn system at true opposition. Using the planetary camera (PC) of the WFPC2 on the Hubble Space Telescope (HST), we imaged Saturn's rings at near-zero solar phase angle, the culmination of nearly a decade of such observations spanning more than a full Saturn season, beginning shortly after the 1995-1996 ring plane crossings (southern spring on Saturn) and continuing past Saturn's southern summer solstice in 2002. Collectively, these observations provide a uniform set of high spatial resolution and photometrically accurate radial profiles of the rings over the full range of ring inclinations and solar phase angles accessible from the Earth.
Variations of ring brightness with ring tilt, phase angle, and wavelength reveal both the scattering properties of individual ring particles as well as their collective spatial and size distributions. An important test of our understanding of the physical and dynamical characteristics of Saturn's rings is our ability to account for the strong surge in ring brightness near opposition. As a step toward this goal, we present recent HST measurements of the opposition surge of the A, B, and C rings for solar phase angles a from nearly zero to ≤6.38Њ. In § 2, we briefly summarize previous observations and the HST results used for this study. Then in § 3, we develop a suite of models for the opposition surge. We begin by fitting a simple linearexponential model to the phase-angle-dependent brightness of selected regions in the A, B, and C rings, primarily to quantify the wavelength-dependent width and amplitude of the narrow opposition peak. Next, we fit Hapke (2002) photometric models for the opposition effect, which account for shadow hiding at the surfaces of individual ring particles and for coherent backscatter, the enhancement of the emergent scattered intensity resulting from constructive interference of the incident and scattered waves. To account for shadowing between ring particles, which is neglected in the Hapke (2002) prescription, we compare ring brightness measurements to Monte Carlo raytracing predictions based on N-body dynamical simulations for a variety of ring optical depths and particle size distributions. We then investigate radial variations in the opposition effect across the entire ring system and compare our results with measurements of the opposition effect for Mimas and Enceladus. Finally, in the last section, we discuss our key findings, compare our results to recent findings from Cassini observations, and present our conclusions.
OBSERVATIONS

Previous Results
The strong brightening of Saturn's rings near opposition has been known for many years. Early investigators relied primarily on photodensitometry of photographic plates, with varying results. Franklin & Cook (1965) presented the first detailed analysis of observations of the opposition effect in Saturn's rings, based on a large series of two-color photographic plates obtained in 1959. They found some evidence for a slight wavelength dependence of the phase curve, a finding supported by Irvine & Lane (1973) using observations taken during the 1963 apparition, and by Lumme & Irvine (1976) from an extensive study of over 200 photographic plates obtained during a 30 year period. These purported wavelength trends were contradicted by Lumme et al. (1983) , who observed the B ring at small tilt angle and found no wavelength dependence B ∼ 6Њ for the phase function for phase angles . They cona 1 0.26Њ cluded that the opposition effect resulted from mutual shadowing of ring particles in a classical many-particles-thick layer, with a very low volume filling factor, although Brahic (1977) , Goldreich & Tremaine (1978) , and Cuzzi et al. (1979) had established that the rings should be one or only a few particles thick and consequently have a relatively high volume filling factor, a conclusion supported by later, more detailed studies (Salo 1987 (Salo , 1992 Wisdom & Tremaine 1988; Richardson 1994; Salo et al. 2004; . Salo & Karjalainen (2003 showed that the apparent contradiction between the observations and the simulations is largely removed when the ring particle size distribution and the dependence of the vertical scale height on particle size are taken into account.
All of the foregoing studies ignored the potentially large contribution of coherent backscatter to the strong opposition surge at very low phase angles. The coherent backscatter opposition effect (CBOE) has been studied extensively, both theoretically and in the laboratory (Akkermans et al. 1988; Shkuratov 1988; Muinonen et al. 1991; Mishchenko 1992; Nelson et al. 2000) , and Hapke (2002) developed a detailed model for the bidirectional reflectance of a surface, accounting both for coherent backscatter and shadow hiding due to surface microstructure. The models of CBOE are highly idealized, and thus far, agreement between the theory and experiments has been elusive (see Shepard & Helfenstein 2007 for a review). Poulet et al. (2002) presented the first detailed analysis of high spatial resolution, photometrically precise measurements of the opposition effect in Saturn's rings, using Hubble Space Telescope images. They estimated ring particle roughness and porosity by analyzing the observed ring phase curves in terms of intraparticle shadow hiding, multiple scattering, and coherent backscattering, but they ignored mutual shadowing between particles. Their observations were restricted to phase angles 10.3Њ and thus required extrapolation of the steep opposition brightening to zero phase angle, undersampling the narrowest part of the solar phase curve. Here we present HST measurements that remedy those limitations by spanning the full range of phase angles visible from the Earth.
HST Observations
The viewing and illumination geometry of the HST ring observations is illustrated in Figure 1 , which shows the variation of the solar phase angle and the Saturnocentric declinations of the Earth (B) and Sun ( ) over the period of obser-B vation. During each of nine apparitions (labeled by HST cycle numbers 6-13), we obtained UBVRI images of the rings with the WFPC2 PC camera for several HST "visits," chosen to sample the full range of accessible solar phase angles, but concentrated near opposition. Table 1 provides additional details about the observations. For each data set, identified by HST program ID, cycle number, and visit number, we list the date of each visit, the ring plane opening angles B and , the B effective ring opening angle (defined below), the average B eff Fig. 1 .-Geometry of HST observations of Saturn's rings. The opening angle of the rings as viewed from the Sun (dashed line) was nearly zero in 1996, when the first of nine Saturn apparitions was observed using WFPC2. Saturn reached southern summer solstice in late 2002. The ring opening angle as seen from the Earth (dotted line) is modulated by the Earth's annual motion relative to Saturn's inclined orbit. The solar phase angle is shown at the top of the figure, approaching zero at each opposition and reaching a maximum of just over 6Њ near quadrature. Filled circles mark the geometric circumstances of the full set of HST observations. For this study of the opposition effect, we make use of data from HST cycles 10-13, for which the ring opening angle was nearly constant and close to its maximum value as seen from the Earth and the Sun. solar phase angle a, and the number of UBVRI images taken of the east (E) and west (W) ansae during each visit.
1 Because of the relative inclinations of Earth's and Saturn's orbits, the minimum phase angle visible at each opposition was limited to for cycles 6-9 and reached 0.07Њ during cycle a 1 0.25Њ 12. During cycle 13 in 2005 January, we observed the rings at true opposition, with . As discussed below, the a ∼ 0.01Њ finite angular radius of the Sun of 0.029Њ as seen from Saturn sets an effective lower limit on the phase angle near true opposition.
For each of the more than 400 PC images in our data set, we began with the pipeline-processed data from the Space Telescope Science Institute. We corrected the images for geometric distortion and converted the measured signal to a wavelengthdependent normalized reflectivity , defined as the ratio of I/F ring surface brightness I to that of a perfect, flat, Lambert surface at normal incidence , where is the solar pF(l)/p p F(l) flux density, or irradiance at Saturn, at wavelength l. To correct for low-level scattered light, we applied a low-pass deconvolution filter to the data, resulting in a "compensated" image , an approximation to the ideal deconvolved image. (I/F) comp The deconvolution procedure has a very minor effect for the 1 The field of view of the PC chip of WFPC2 is not large enough to contain the full ring system and its attendant nearby small moons, and we therefore targeted the east and west ring ansae separately during most visits. present investigation. For additional details of the complete processing procedure, see Cuzzi et al. (2002) .
We used the Encke division as a geometric reference and solved for the center of Saturn in each image. Then, to enable easy comparison of the radial ring profiles, we reprojected each image onto a rectilinear grid as a function of ring plane (r, v) radius r and ring longitude v, first rebinning each image pixel into subpixels and then redistributing them into cells 20 # 20 in with a resolution of 100 km in r and 0.1Њ in v. Radial (r, v) profiles of ring reflectivity were obtained by deter-(I/F) (r) corr mining the median value at each r over a longitude range of ‫5ע‬Њ centered on each ring ansa.
As a final step in the processing, we define the geometrically corrected (see Dones et al. 1993; Cuzzi et al. 2002; French I/F et al. 2007 ) as
corr comp 2m where and . The effective ring el-
eff eff
This correction factor for observations at slightly different B and is exact for an optically thick, singly scattering, many-B particle-thick ring and is a reasonable approximation for multiple scattering (Lumme 1970; Price 1973) , although it may be less applicable at very low optical depths. During a single HST cycle, is roughly constant, although B and may vary B B eff somewhat, as shown in Table 1 . Ring brightness varies with both ring tilt and solar phase angle. Since our primary interest here is in the opposition surge, rather than the well-known "tilt effect" , we restrict our attention in this paper to data from cycles 10-13. These images sample the full range of available phase angles at nearly the same ring opening angle, minimizing the variations in with ring tilt. Cycles 10-12 were all observed (I/F) corr at near Ϫ26Њ, and cycle 13, at , is included B Bp Ϫ22.87Њ
eff eff because these images were acquired at the lowest phase angle of the entire set of observations. Tables 2-4 present measurements from cycles 10-13 of the average over three ring regions as a function of wave-(I/F) corr length (the UVBRI filters respectively correspond to WFPC2 filters F336W, F439W, F555W, F675W, and F814W) and solar phase angle.
2 The C ring data (Table 2) are averaged over a radial region (78,000-83,000 km) where the reflectivity is fairly uniform, excluding most of the prominent ringlets and plateaus in this ring. Typical uncertainties in for the C ring are (I/F) corr (Table 3) , we averaged over the range 100,000-107,000 km, chosen to avoid the saturated region of the B ring in the F336W cycle 13 zero-phase image. The radial range for the A ring of 127,000-129,000 km (Table 4 ) was chosen to match the region of maximum observed azimuthal brightness asymmetry in the A ring ). Typical measurement uncertainties in for the B (I/F) corr and A ring data are ‫500.0ע‬ (F555W). The effective wavelengths for each filter, listed in Tables 2-4, were corrected for instrumental response, solar spectrum, and the average ring spectrum .
MODELING THE OPPOSITION SURGE
The changing brightness of the rings with phase angle and ring tilt depends on the shadowing of ring particles by each other, the regolith structure of the ring particles themselves, and the degree of multiple scattering, both between ring particles and within the particles' regolith. A complete description of ring scattering properties would involve a comparison of observations over the full range of solar phase angles and ring tilts, from radio wavelengths to the UV. As a first step, we focus here on quantifying the width and amplitude of the strong and narrow opposition surge itself at visual wavelengths.
Linear-Exponential Model Fits
We begin with a simple analytic representation of the sharp, narrow opposition surge and the more gradual slope at larger phase angle. Following Poulet et al. (2002) and for eventual comparison with Cassini results (Déau et al. 2006; Nelson et al. 2007 ), we adopt a simple four-parameter combined linear and exponential model commonly used for asteroid and satellite near-opposition phase curves: . (Piironen et al. 2000; Muinonen et al. 2002; Kaasalainen et al. 2003) , where is the point-source model at phase f (a) ( I/F) corr angle a, a is the height of the narrow opposition peak, b is the background intensity, d is the width of the opposition peak, and k is the slope of the linear component of the model.
The solar phase angle a given in Tables 2-4 corresponds to the instantaneous angle between the center of the Sun and the center of the Earth, as seen from Saturn. Terrestrial parallax is completely negligible, and therefore it is not important to take into account the HST orbital position at the time of each exposure. However, the Sun is not a point source, and the solar phase angle of the illumination on Saturn's rings varies across the solar disk. An accurate model calculation for the predicted ring brightness thus involves convolving the point-source phase-angle-dependent model brightness over the limb-darkened disk of the solar image. We make use of a simple oneparameter solar limb-darkening model:
l (Hestroffer & Magnan 1998) , where is the normalized I (r) l limb-darkened solar intensity, is the normalized radial cor ordinate of the solar disk, and is a wavelength-dependent b l constant chosen to fit the observed solar limb-darkening profile. From Table 2 We fitted equation (3) to the data in Tables 2-4 for each ring region and filter and computed the model for each (I/F) corr observation by convolving over the limb-darkened disk of the . solar image, using
where is the limb-darkened solar intensity, is the I (Q) a(Q) l phase angle, and the integrations are carried out over the solid angle of the solar image as seen from a given point in the dQ rings.
The results of the least-squares fits are given in Table 5 . We also include , the amplitude of the exponential opposition a/b surge a relative to the mean intensity b, and the normalized background slope , corresponding to the fractional change k/b in ring brightness, per degree of phase angle, of the linear term in the model. For comparison with other model fits, we also list the half-width at half-maximum and R, HWHM p d ln 2 the rms residual between the observed and model . The (I/F) corr model fits are plotted in Figure 2 (left column) for each ring region. For clarity, the phase angle is shown on a logarithmic scale. A vertical dashed line indicates the angular radius of the solar disk as seen from Saturn, and the flattening of the model curves at smaller phase angles results primarily from the functional form of the model (eq. [3]), and to a lesser extent from convolution with the solar image. The fits are quite acceptable, given the simple form of the four-parameter model function. The models uniformly underestimate the lowest phase angle observations, and the observations at phase angles fall a 1 1Њ more linearly on these plots than the model curves, but the overall trends are well matched.
The wavelength dependence of the width, amplitude, and slope of the linear-exponential model fits is shown in Figure 3 . For the optically thin C ring, the HWHM of the narrow surge (Fig. 3a) is nearly independent of wavelength, with an average value of 0.10Њ. In contrast, at F336W the B ring HWHM (0.192Њ) is nearly double that for F555W (0.099Њ) and longer wavelengths; the A ring is an intermediate case, also showing a wider surge in the U filter (0.158Њ) than the average value (0.09Њ) at longer wavelengths. The amplitude (Fig. 3b) has a weak wavelength a/b dependence, with the dark and optically thin C ring showing the strongest opposition surge ( ), and the opaque B a/b ≈ 0.6 ring the weakest ( ). The normalized slope (Fig. 3c ) a/b ≈ 0.4 shows a similar pattern, with steeper slopes at short wavelengths and generally weaker slopes for the more opaque ring regions. We return to these results below.
We find that the opposition surge is much narrower (∼0.1Њ-0.2Њ HWHM) than Poulet et al. (2002) derived from their analysis of HST observations during the 1997-1998 apparition. For the A, B, and C rings, they obtained HWHMs ranging from 0.41Њ to 0.67Њ, with no clear wavelength dependence. However, the minimum phase angle of their observations was 0.3Њ, substantially greater than for our data (see Table 1 ). From fits to subsets of our current measurements, we find that the fitted HWHM of the narrow opposition surge depends quite strongly on the inclusion of the 2005 January 14 measurements obtained at true opposition. When these observations were excluded from the fits, the HWHM increased from 0.1Њ-0.2Њ to 0.16Њ-0.25Њ. Similarly, when we fitted only data for which , the a 1 0.3Њ HWHM ranged from 0.33Њ-0.39Њ, 0.41Њ-0.56Њ, and 0.36Њ-0.49Њ for the C, B, and A rings, respectively, roughly comparable to the Poulet et al. (2002) results from HST measurements at .
1 HWHM p half-width at half-maximum. 2 R p rms residual of . (I/F) corr smaller (∼Ϫ10Њ) than our present data set. These results B eff show that the true opposition measurements are substantially brighter than a simple extrapolation to low phase angles from higher phase observations would suggest, and that the nearzero phase measurements provide a strong constraint on the actual width of the opposition surge.
Hapke Model Fits
The linear-exponential model has the virtue of analytic simplicity, providing useful estimates of the amplitude and the width of the core of the opposition surge itself, as well as the more gradual decline characteristic of the observations at larger phase angles. We next turn to the Hapke (2002) model, which incorporates a wavelength-dependent CBOE based on the theoretical predictions of Akkermans et al. (1988) and an explicit representation of the shadow-hiding opposition effect (SHOE) by a particulate surface. The Hapke (2002) model has been applied to satellite measurements from these same HST observations (Verbiscer et al. 2007 ) and combined with Voyager spacecraft measurements (Verbiscer et al. 2005) to quantify the opposition surge on Saturn's satellites, which brighten considerably at true opposition (Verbiscer et al. 2007 ).
For each ring and filter in Tables 2-4 , we fitted the Hapke (2002) model using the nonlinear least-squares algorithm developed by Helfenstein (1986) and described by Helfenstein et al. (1991) , modified to accommodate anisotropic multiple scattering as described by Verbiscer et al. (2005) . Our model fits appear in the right-hand column of Figure 2 , and all parameters derived from the fits are listed in Table 6 . These fits have consistently lower rms residuals per degree of freedom than the linear-exponential fits, and they do a better job of capturing both the very low phase angle measurements and the falloff in for , which is more gradual than implied by (I/F) a 1 1Њ corr the linear-exponential model. The Hapke (2002) model is characterized by parameters that include the single-scattering albedo , the single-particle o phase function asymmetry parameter g, and the width h and amplitude of the SHOE and CBOE. For completeness, we B o also account for the mean topographic slope angle , using thē v formalism of Hapke (1984 Hapke ( , 1993 , which was derived for any general reflectance function. Although the phase angle coverage of the HST observations ( ) is well suited to a p 0.01Њ-6.4Њ constrain the angular widths of both the SHOE and CBOE, the restriction to Earth-based measurements somewhat compromises our ability to determine parameters such as g and , v which are constrained primarily by data obtained at larger phase angles. As noted by Shepard & Helfenstein (2007) , photometric roughness tends to decrease with increasing albedo. This trend is evident in the B ring, for which falls off from ∼41Њ at v short wavelengths to ∼27Њ at longer wavelengths, where the albedo is higher. At 549 nm, we find that the roughness of all rings is higher than that determined by Poulet et al. (2002) for the C ring and for Mimas ( ; Verbiscer & Veverka 1992), v p 30Њ the innermost of Saturn's "classical" satellites. Our values of are significantly lower than those ( ) determinedv v ∼ 60Њ-70Њ by Poulet et al. (2002) ; however, no firm conclusions about the roughness of ring particles can be drawn from fits to observations made at phase angles no larger than . a p 6.4Њ The wavelength dependence of several Hapke (2002) model parameters is shown in Figure 3 . The single-scattering albedo increases with wavelength for all rings (Fig. 3d) , although o the increase is much more pronounced for the A and B rings than for the C ring. The albedo of the optically thin C ring is much smaller than that of the optically thick A and B rings. (Table 6 ).
The asymmetry parameter g is the average cosine of the scattering angle V:
and . While g does not g { Acos VS V { p Ϫ a vary significantly with wavelength for the A ring (Fig. 3e) , the B ring backscatters more strongly at longer wavelengths, from at 338 nm to at 672 nm. Strictly speakg p Ϫ0.28 g p Ϫ0.50 ing, these model parameters apply to the individual grains in the regolith of a typical ring particle, and not to the particle as a whole.
The transparency of regolith grains affects their ability to cast shadows, and thus the SHOE amplitude (Fig. 3f) with wavelength, indicating that particles are more transparent at longer wavelengths. The SHOE angular width is related to h S regolith porosity and is only weakly dependent on wavelength, except in the C ring at 338 nm, where it is somewhat higher than at longer wavelengths (Table 6 ). If we assume a uniform particle size distribution, then , where P is the h p (Ϫ3/8) ln P S porosity (Hapke 1986) . Under this assumption, all of the values of in Table 6 imply that porosities of ring particle regoliths h S are very high, ranging from 93% to 99%. The CBOE amplitude (Fig. 3g) does not show a strong wavelength dependence, B oC except for an increase at short wavelengths for the C ring.
The opacity of regolith grains affects not only the shadowhiding amplitude, but the width of the coherent backscatter opposition surge as well. According to Hapke (2002) , the CBOE HWHM is given by , where L is 0.36l/2pL ≈ 0.72h C the transport mean free path, the average distance a photon travels before being deflected by a large angle (∼1 rad). In this picture, the CBOE HWHM should increase with wavelength for a constant L, but this is not what we see. Instead, we find that the Hapke CBOE HWHM (Fig. 3h) is largest for all rings at the lowest wavelength (338 nm), falling sharply and then remaining relatively constant at ∼0.055Њ with increasing wavelength from 439 to 798 nm. Nelson et al. (2002) suggest that the wavelength dependence of and the CBOE HWHM may h C require a broader range of wavelengths than observed here in order to be seen. In addition, Petrova et al. (2007) invoke a third mechanism, the near-field effect, to explain why the predicted spectral behavior of the opposition effect is not observed. The near-field effect is produced by the inhomogeneity of waves in the immediate vicinity of low-to moderate-albedo regolith grains that are comparable in size to the wavelength. If we assume a uniform particle size distribution, according to Helfenstein et al. (1997) we can estimate particle sizes from our Hapke (2002) parameters. The particle radius is given by , and using the values in Table 6 , we r p 3.11
find that grains on C ring particles are an order of magnitude smaller ( mm) than those on A and B ring particles. r ∼ 0.16 P We measure the broadest CBOE widths (and HWHM) where the single-scattering albedo ranges from 0.1 (for the C ring) to 0.6 for the B ring at 338 nm, so it is possible that this third phenomenon may act in addition to coherent backscatter and classical shadow hiding to produce the opposition effect observed in Saturn's rings.
From our Hapke (2002) fits to the HST data, we find that the transport mean free path increases with wavelength for all rings, from mm at 338 nm to ∼45 mm at 798 nm for L ∼ 11 the A and B rings, with somewhat higher values in the darker C ring (Table 6 , Fig. 3i ). Our measurements are consistent with those of Hapke et al. (2006b) , who found mm (where L Ӎ 10 the reflectance of the ring was low) to mm (where it L Ӎ 40 was high) in their analysis of Cassini VIMS (Visual and Infrared Mapping Spectrometer) data at wavelengths between 1 and 5 mm. The near-field effect may play an important role here, since it is most efficient in more compact structures of wavelength-sized scatterers at distances comparable to the wavelength, and the transport mean free path is smallest at 338 nm, the shortest wavelength observed, where the albedo of all the rings is low to moderate. A fuller consideration of the interplay of these effects must await additional observations over a broader range of wavelengths and phase angles.
Monte Carlo Simulation of Interparticle Shadowing
The Hapke (2002) model accounts for shadowing within the regolith of a spherical ring particle, but does not explicitly include shadowing between ring particles, which depends on the particle size distribution and the vertical structure of the ring, as well as the slant path optical depth. To assess the importance of interparticle shadowing, we use dynamical simulations in which the optical depth and the width of the size distribution are varied. Although theoretical formulas exist for the mutual shadowing of particles (Lumme & Bowell 1981; Hapke 1986 ), the advantage of our simulations is that they account for the partial vertical segregation of different particle sizes (SK2003). In these simulations, we adopt the Bridges et al. (1984) formula for the velocity-dependent coefficient of restitution during particle impacts, leading to moderately flattened systems with vertical thickness a few times the diameter of the largest particles (for an illustration, see Fig. 2 in SK2003) .
For simplicity, we first concentrated on models that ignore the self-gravity of the rings. We adopted a power-law size 3 In each case, the dynamical optical depth (the total projected surface area t dyn of ring particles per unit area of the rings) was held fixed at 0.5, a typical value for the mid-A ring.
To estimate the contribution of interparticle shadowing to the opposition phase curves, we use a Monte Carlo method based on following a large number of photons through the particle fields produced by the dynamical simulation. The particle field, with periodic planar boundaries, is illuminated by a parallel beam of photons, and the path of each individual photon is followed in detail from one intersection with a particle surface to the next scattering, until the photon escapes the particle field. The new direction after each scattering is obtained via Monte Carlo sampling of the particle phase function. The brightness at the observing direction is obtained by adding together the contributions of all visible individual scatterings. Compared to direct Monte Carlo estimates based on tabulating the directions of escaped photons, this indirect method gives significantly reduced variance. To suppress the statistical fluctuations in the dynamical simulations, we av-3 Although the actual particle size distributions may be somewhat broader in parts of the rings than in these simulations (French & Nicholson 2000) , extending the simulations beyond a size range spanning 2 orders of magnitude was computationally prohibitive. erage the photometric results for several individual simulation snapshots. Because self-gravity was not included, the systems are homogeneous in the planar direction. We consider the effects of self-gravity at the end of this section.
To describe the angular distribution of scattered light from the surface of a ring particle, we adopted a power-law phase function:
power n where is a normalization constant. For , this gives c n p 3.092 n a good match to the phase function of the inner A ring (Dones et al. 1993) ; we hereafter refer to this as the power-law phase function. In our Monte Carlo simulations, we take into full account partial shadowing of ring particles by each other, and each scattered photon is followed from its intersection point on the surface of a particle (in a direction whose probability is weighted by the power-law phase function), rather than from the particle center. Comparisons of Lambert surface element scattering and Lambert "sphere" scattering (see § 3.5 in SK2003) show the importance of this refinement.
The results of our simulations are shown in Figure 4 . In the left panel, we compare the observed UBVRI A ring phase curves (the data from Table 4 , plotted as colored symbols) with the mutual particle shadowing opposition effect calculated from photometric Monte Carlo simulations for two extreme size distributions: a power law for 0.05-5 m particles, and a q p 3 monodispersion of 5 m size particles. The opposition surge for the identical particle case (dashed lines) is quite broad, and the curve is essentially flat for . For the broader size I/F a ! 1Њ distribution (solid line), the surge is narrowed because of the abundance of relatively small particles, not flattening until . Following Hapke (1986) , this trend can be understood a ! 0.1Њ as follows. The angular width of the mutual-shadowing opposition surge is determined by the angular width w of the typical particle shadow cylinder having length L:
, w ≈ ArS/L where , and is the average particle cross 1/2
ArS p (AjS/p) AjS section. A typical cylinder has volume and contains AjSL particles, where n is the number density in the scattering AjSLn layer. Setting this to unity for the shadow cylinder gives , yielding , as found by Hapke (1986) . L p 1/AjSn w≈ nAjSArS In terms of volume density , where is the average D p nAV S A V S particle volume, . Thus, the width of the surge w p AjSArS/AV SD is proportional to the volume density, with a proportionality constant that becomes smaller as the width of the size distribution is increased (see Fig. 16 in SK2003) .
The Bond albedo for the simulations (Fig. 4b ) was chosen to fit the observed at . Note that the albedos are (I/F) a ≈ 6Њ corr higher for the broad size distribution, even though both models assume the same . Because the mutual-shadowing opposit dyn tion effect for identical particles extends to relatively large phase angles (i.e., its angular width is large), a lower albedo is needed to match at in this case than for a (I/F) a ≈ 6Њ corr broad size distribution, where the opposition effect is confined to smaller angles. The results of Monte Carlo simulations for seven different power-law size distributions are shown in Figure 4c . For simplicity, we ignore multiple scattering, which we show below to be unimportant in this near-backscattering geometry, and hence these simulations are effectively wavelength independent. Here both the observations and the models are normalized to . The contribution to the normalized phase curve a p 6.35Њ from the power-law phase function alone is shown as a dashed line, amounting to about 1.1 for the interval Њ to 6.35Њ. a p 0 Clearly, the observed opposition surge is substantially sharper and narrower than the single-particle phase function itself.
To quantify these trends more precisely, we fitted the linearexponential model (eq. [5]) to the Monte Carlo simulations shown in Figure 4 , restricting the phase angle to 25 roughly logarithmically spaced values between 0Њ and 6Њ, comparable to the range covered by our Earth-based observations. The results are given in Table 7 . For this rather narrow range of phase angles, the fits matched the simulations quite well, as shown by the very small rms error R. The fitted amplitudes are nearly independent of albedo (or, equivalently, wavea/b length), a consequence of the weak contribution made by multiple scattering. For both the 0.05-5 m distribution (a/b ≈ ) and the 5 m particle size simulations ( ), the 0.22 a/b ≈ 0.09 opposition surge amplitude from mutual shadowing is significantly smaller than that of the A ring ( , a/b p 0.419-0.515 from Table 5 ) for comparable . The HWHM for the 0.05-t dyn 5 m case (∼0.4Њ) is substantially narrower than the 5 m simulation (∼3.5Њ), but neither model matches the A ring's sharp surge with HWHM p 0.083Њ-0.158Њ (Table 5 ). Also included in Table 7 are linear-exponential fit results for the seven normalized single-scattering simulations shown in Figure 4c . The HWHM increases from ∼0.4Њ to ∼3Њ as the width of the particle size distribution is reduced from 2 decades (0.05-5 m) to a single decade (0.5-5 m). Although some jitter is apparent in the trends, due to the intrinsic granularity of the Monte Carlo From these simulations, we find that the long-wavelength (F814W) phase function of the A ring can be matched by mutual particle shadow hiding alone for if there is a a 1 0.2Њ sufficiently broad size distribution. On the other hand, the F336W phase function in particular is very poorly matched by the interparticle ring-shadowing models for , no matter a ! 1Њ what particle size distribution is assumed. To investigate the extent to which the mutual-shadowing contribution is affected by ring optical depth, we generated Monte Carlo simulations for , 0.5, 1.0, and 2.0 for two size distribution t p 0.1 q p 3 dyn models. As before, we neglected self-gravity and used the Bridges et al. (1984) relation for the coefficient of restitution. We also assumed that and used the power-law phase p 0.5 0 function. Figure 5 shows the resulting opposition phase curves, normalized to unity at . At low optical depth ( a p 6Њ t p dyn , typical of the C ring), mutual shadowing is not significant, 0.1 and the opposition effect is quite weak, barely larger than that produced by the power-law phase function by itself. With increasing optical depth, the shadow-hiding opposition surge is stronger, reaching saturation for ; note that there is t ∼ 1.0 dyn very little difference between the and t p 1.0 t p 2.0 dyn dyn simulation results. In Figure 5 , the phase curves computed for single scattering are shown as dotted lines. At low , there is no measurable t dyn difference between the single-and multiple-scattering results. As the optical depth increases, multiple scattering slightly reduces the amplitude of the interparticle shadow-hiding opposition surge by filling in the shadows to a small extent. For example, when , the maximum opposition effect det p 2.0 dyn creases from 1.46 (single scattering only) to 1.44 when multiple scattering is taken into account. Linear-exponential model fits to these simulations are given in Table 8 . The key results here are the increasing strength of the mutual shadow-hiding surge with increasing optical depth and broadened size distribution, and the near-insignificance of interparticle multiple scattering at low phase angles. Fig. 6 .-Near-opposition phase curves from dynamical simulations of nongravitating ("uniform") and self-gravitating ("wakes") particles with and t p 0.5 dyn a 0.5-5 m size distribution, seen at various ring longitudes f. At left, the overall ring brightness varies substantially with viewing geometry, depending on the alignment of the wakes with respect to the observer. The normalized opposition effect itself (right) is narrowed somewhat by the presence of wakes caused by self-gravity. We have neglected self-gravity in all of the foregoing dynamical simulations, even though it is a crucial ingredient for accurate models of wake structure and azimuthal brightness variations in the rings (SK2003; Salo et al. 2004; French et al. 2007) , especially in the A ring. Figure 6 compares the phase curves for nongravitating and self-gravity simulations, seen at various ring longitudes. The average ring brightness in the selfgravitating models varies substantially with viewing geometry, depending on the observer's longitude f (measured in the direction of orbital motion from the subobserver point) relative to the mean wake direction (Fig. 6a) . The case corf p 70Њ responds to wakes viewed roughly along their long axis. Linearexponential fits to these simulations (Table 9) show that the phase curves for the wake models are nearly independent of f. However, the amplitude of the surge is weaker when wakes are present ( ) than in the uniform nongrava/b p 0.166-0.190 itating case ( ), and the width of the shadow-hiding a/b p 0.372 opposition peak is much narrower (HWHM p 1.188Њ-1.300Њ) than for the uniform case (HWHM p 3.085Њ). This may be the result of mutual shadowing between wakes, combined with interparticle shadowing. Since the 3Њ HWHM is nearly half of the full range of phase angles of the observations, broader phase coverage from Cassini measurements may be required to derive accurate mutual-shadowing effects in the presence of wakes. These examples illustrate the importance of taking into account the detailed dynamical environment of the rings when interpreting phase curves in terms of ring particle properties.
Regional Variations in the Opposition Surge and Comparison with Icy Satellites
To set the stage for more detailed future models of ring scattering properties, we briefly examine the regional variations in the opposition surge across the A, B, and C rings. For this purpose, we use the linear-exponential model because it has the fewest free parameters and because it provides a reasonably good match to the results of the more elaborate Hapke (2002) formulation (see Figs. 2 and 3 ). We performed a suite of fits to the complete radial ring brightness profiles for the same HST images used for Tables 2-4. Figure 7 shows the amplitude, HWHM, and normalized slope at each wavelength obtained from linear-exponential fits to sliding-box averages of the profiles, binned to a resolution of 300 km in steps of (I/F) corr 100 km in radius. For comparison, a representative (I/F) corr ring brightness profile and the Voyager PPS (Photopolarimeter Subsystem) optical depth profile, obtained from the NASA Planetary Data System Rings Node (Showalter et al. 1996) , are also shown, labeled with the major ring regions.
Overall, there is substantial regional variability in the sharpness, strength, and wavelength dependence of the opposition surge. In the C ring, the detailed variations correlate strongly with the optical depth variations, especially in the inner and outer regions, where there are ringlets and plateaus with abrupt radial changes in opacity. If the surface properties of the C ring particles themselves are uniform, then the CBOE would be expected to be similar throughout the ring, whereas interparticle shadow hiding depends critically on the ring optical depth, particle size distribution, and volume filling factor. The C ring is known to have a relatively broad particle size distribution: French & Nicholson (2000) found , cm, m. As we q p 3.1 r p 1 r p 10 min max have seen, this both narrows and sharpens the shadow-hiding opposition surge. In future work, inclusion of ring observations over a wider range of tilt angles (Salo et al. 2005 ) will help to disentangle the wavelength-dependent CBOE and shadow hiding in the regolith from interparticle effects. The opposition effect changes markedly at the boundary between the outer C and inner B rings. Over the radial range 92,000-99,000 km, which is the least opaque part of the B ring, the amplitude exceeds 0.5, decreasing gradually with increasing radius and optical depth. Between 100,000 and 107,000 km (the region used for Table 3 and for our fits in  Figs. 2 and 3 and Tables 5 and 6 ), the normalized slope decreases with increasing ring optical depth. Throughout the B ring, the opposition effect is strongly wavelength dependent, especially at short wavelengths, where the single-scattering albedo is also strongly wavelength dependent. 4 Compared to the C ring, the B ring particle size distribution is relatively narrow in terms of : , cm, m r /r q p 2.75 r p 30 r p 20 max min min max (French & Nicholson 2000) . This tends to weaken the interparticle opposition amplitude (Fig. 4 ), but this is compensated for in part by the enhanced optical depth of the B ring (Fig. 7) . Wakelike structure has been observed in regions of the B ring Colwell et al. 2007) , and this might also contribute to radial variations in the mutual shadow-hiding component of the opposition effect. The CBOE of the ring particles is substantially narrower and on average a bit stronger than their icy counterparts. The SHOE of the rings is both weaker and narrower than for Mimas and Enceladus, although this may be affected somewhat by the relatively narrow range of phase angles ( ) covered by a ! 6.4Њ the ring observations. The Cassini division resembles the C ring in optical depth and possibly in particle size distribution, and these similarities are reflected in the opposition effects of these two separated ring regions. The very strong opposition amplitudes at the inner and outer edges of the Cassini division (Fig. 7) are similar to those in the C ring, and once again there are strong correlations with optical depth variations. Higher resolution Cassini images for these two regions will be especially valuable in quantifying these connections.
The A ring and the inner B ring have comparable optical depths, and the overall characteristics of the opposition effect are similar, including significant strengthening and broadening at short wavelengths. ) indicate that self-gravity wakes are especially strong in the central A ring region. Figure 7 reveals a striking contrast between the inner and outer A ring opposition effect. Outside of the Encke division, the amplitude , much larger than anywhere a/b ∼ 0.7 else in the A and B rings and comparable to the largest seen in the C ring. The HWHM is a bit narrower here than in the inner A ring as well. These are just the trends expected from interparticle shadowing for a broad size distribution, and indeed the outer A ring has a much greater abundance of small particles Table 1 , and it is instructive to compare these results with our measurements of the opposition effect of the A, B, and C rings (Fig. 8) . Mindful of the possible limitations of the relationship between model parameters and actual microphysical surface textural properties (Shepard & Helfenstein 2007) , there are clear differences between the ring and satellite opposition surges, suggesting that they have distinct surface properties. Interpreted in terms of the Hapke (2002) model, we find the following trends. The A, B, and C rings have much smaller SHOE and CBOE widths than those of the icy satellites, and particles in the optically thin C ring have narrower SHOE and CBOE widths than those in the optically thick A and B rings. In general, the CBOE amplitudes for ring particles are comparable to or a bit larger than those for Mimas and Enceladus, the two "classical" Saturnian satellites that orbit closest to the rings. However, the SHOE widths and amplitudes of ring particles are quite distinct from those for icy satellites. The narrower SHOE widths for ring particles suggest that they have higher porosities than icy satellite surfaces. The much larger SHOE amplitudes for the icy satellites imply that particles on Enceladus and Mimas are more opaque than ring particles. Just as both the SHOE and CBOE amplitudes of the darker C ring are higher than those of the bright A and B rings, the SHOE and CBOE amplitudes of the (relatively) darker surface of Mimas are higher than those of Enceladus, implying that C ring particles are more opaque than those in the A and B rings.
DISCUSSION AND CONCLUSIONS
We have obtained a set of over 400 uniform, high-resolution UBVRI images of Saturn's rings, taken with the HST's WFPC2 during more than a full Saturn season and over a range of phase angles from 0.0035Њ to 6.38Њ. Using a subset of these data at similar ring opening angles ( to Ϫ26.64Њ), in-B ∼ Ϫ22.88Њ eff cluding high spatial resolution measurements at true opposition, we present photometrically accurate absolute brightness measurements of selected regions in the A, B, and C rings as a function of solar phase angle. The availability of true opposition data allows us to measure the true width and amplitude of the opposition surge without requiring extrapolation to zero phase. The opposition effect is very strong and narrow throughout the rings, substantially narrower than that found by Poulet et al. (2002) from a more restricted set of HST measurements limited to . There is significant wavelength dependence at the a 1 0.3Њ shortest wavelengths, and strong regional variability. To quantify the properties of the opposition surge, we fitted the data using a simple four-parameter linear-exponential model as well as a more complex model (Hapke 2002 ) that included both intraparticle shadow hiding in the regolith and the coherent backscatter effect. The width of the CBOE at short wavelengths increases rather than decreases, contrary to expectation, although Shepard & Helfenstein (2007) have recently shown from laboratory experiments that one must proceed with cau-tion when interpreting the results of Hapke model fits in terms of physical properties of a particulate surface.
To complement these models for the opposition effect based on individual ring particle properties, we utilized a variety of dynamical N-body simulations of the rings, taking into account interparticle shadowing for a range of particle size distributions and optical depths (SK2003; Salo et al. 2004 ). This component of the overall opposition effect is nearly wavelength independent, owing to the small contribution of interparticle multiple scattering at low phase angles. The amplitude and width of this effect depend strongly on the volume density and size distribution of the ring particles. Simulations including the selfgravity of the ring particles produce aligned wakelike structures and a quadrupole brightness asymmetry in the overall ring brightness, and also slightly decrease both the amplitude and the width of the opposition effect. The observed opposition surge in the rings is much stronger and narrower than that caused by interparticle shadowing alone.
The characteristics of the opposition surge of the rings show substantial regional variations. Some of these are most easily explained on the basis of optical depth and volume filling factor, as well as the local width of the particle size distribution. The presence of wakes in the A and B rings complicates the picture somewhat, because shadowing of wakes by each other is strongly dependent on the viewing and illumination geometries.
The rings' opposition surge differs from that of two nearby icy satellites, Mimas and Enceladus. The rings' CBOE is narrower and a bit stronger than for the satellites, whereas the SHOE component for the rings is both weaker and narrower than for the satellites. Although detailed interpretations are beyond the scope of this work, the clear difference in opposition surge characteristics of the rings and moons indicates that they have distinctly different surface properties.
Recently, direct observations of the opposition effect have been carried out at high resolution by Cassini remote-sensing instruments. The Imaging Science Subsystem (ISS) has observed the opposition spot crossing Saturn's rings on several occasions, including a nearly diametric passage in 2005 June. E. Déau et al. (2007, private communication) analyzed 78 images taken in 2005 June ( ) and 48 images taken in 2006 July B p B ∼ Ϫ21Њ ( ) through the clear filters of the Cassini wide-B p B ∼ Ϫ17Њ angle camera, whose central wavelength is 635 nm. These images cover phase angle ranges of 0Њ-2.5Њ, 4Њ-10Њ, and 10Њ-25Њ. For most of their analysis, E. Déau et al. (2007, private communication) use a "linear by parts" model (Lumme & Irvine 1976) in which the rings' is assumed to vary linearly with phase I/F angle at very small phase angles, and also linearly, but with a different coefficient, outside the opposition region. Their results are broadly consistent with ours: for example, E. Déau et al. (2007, private communication) find that the opposition surge has the largest amplitude in the C ring and outer A ring. However, they generally find a larger value of HWHM for the surge than we do, even when using a linear-exponential model. The origin of this discrepancy is currently being investigated.
Results from Cassini VIMS images at infrared wavelengths have been presented by Nelson et al. (2006) , Hapke et al. (2006a Hapke et al. ( , 2006b , and Nelson et al. (2007) . They find a strongly wavelength-dependent opposition HWHM, ranging from 0.2Њ at 1.5 mm to 11Њ for mm, which they interpret as evidence l 1 3.5 for a coherent backscatter effect. Their linear-exponential fits are restricted to phase angles (R. Nelson 2007, pri-0.029Њ ! a ! 1Њ vate communication), and as we have shown above, the HWHM values from linear-exponential fits depend rather sensitively on the range of phase angles included in the fits. This may account in part for their larger HWHM than ours, for comparable wavelengths. A more robust comparison between the VIMS findings of a sharply increasing HWHM with wavelength in the IR, and our HST results showing that at visual wavelengths, the HWHM is largest at U and nearly constant at VBRI, will require careful assessment of such effects.
Our current results, combined with Cassini measurements at different wavelengths and under different illumination and viewing conditions, will provide a more complete understanding of the photometric behavior of Saturn's rings. For future studies, it will be important to account for the sharp coherent backscattering opposition surge, as well as for intra-and interparticle shadowing based on realistic dynamical models for the rings with regionally varying particle size distributions.
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